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ABSTRACT

Influence of Type of Supplemental Carbohydrate on Rumina!
Responses and Methane Output from Ruminants
Consuming Low-Quality Forage

by

Raul J. Lira, Master of Science
Utah State University, 1999

Major Professor: Dr. Kenneth C. Olson
Department: Animal, Dairy and Veterinary Sciences

In a completely randomized design with a fac torial arrangement, three energy
supplements and two species (cows and ewes) were evaluated in two identical
experimental periods: gestation and lactation. The three supplement treatments were a
control, barley, and sugar beet pulp (S BP). The basal diet was tall wheatgrass straw
(5 .52% CP).
Forage and total dry matter intake (FDMI and TDMI, respectively) interacted (P
.04) with species, supplements, and physiological stages.
An interaction of phys iological stage and sampling time occurred for pH.
Supplement and sampling time interacted for butyric acid proportion and total VF A
concentration.
Diet digestibility displayed an interaction between species and physiological
stage. Di gestibility was lower during lactation than gestation for cows, but similar for
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ewes. Retention time interacted for species, supplement, and physiological stage. Fill
of the gastrointestinal tract responded to phys iological stage, with values of .80 and
1.36% BW for gestation and lactation, respecti vely.
Methane output displayed an interaction between species and physiological stage
when data were analyzed as g CH. d" 1 kg- 1 BW. The highest and more variable values in
CH. losses were from ewes. From gestation to lactation, both species increased CH 4
production.
Energy lost in feces responded to physiological stage (P = .0008). Across species
and supplements, 48 and 60% of the GEl were lost as feces during gestation and
lactation, respectively.
The use of energetic supplements in ewes depresses FDMI in late gestation, but
stimulates it during lactation when a diet based on low-quality forage is fed . For cows,
the use of energetic supplements does not affect FDMI during late gestation or lactation.
The source of energy does not have an effect, and thus the decision will depend on the
cost of the supplements. Intake is more strongly affected in ewes than cows when lowquality forage is used. However, for both species, dry matter intake (DMI) is strongly
depressed in late gestation.
(68 pages)

IV

Con amory gratitud a
Cristina, Raul Sebastian y
Paula Antonia

v

ACKNOWLEDGMENTS

To the members of my thesis committee, Dr. Dhiman and Dr. Provenza, for their
dedication and advice.
With gratitude to my major professor, Dr. Kenneth Olson, who was enjoyable
and stimulating to work with, for his guidance, friend ship, and continuous help.
To INIA, the National Agricultural Research Institute of Chile, my employer and
sponsor for this opportunity.
To Doug Johnson and his family for their permanent support and love.
To the Skaggs Lab crew and all our friends for their selfless help and friendship .
They made our stay in Logan easier and more enjoyable.
Finally, and especially, with love and immense gratefulness to my wife, Cristina,
and our wonderful kids, Raul Sebastian and Paula Antonia, from this husband and father
who sometimes spent too many hours at the farm and lab rather than at home.
Raul J. Lira

VI

CONTENTS
Page
ABSTRACT ..... .. ............ .. ....... ....... ..... ..... ...................... ...... ............... ..... ......... .............. 11
DEDICATION ..... .... .. ...... ..... .. . .

... I V

ACKNOWLEDGMENTS .. .......

.. ..... v

LIST OF TABLES .......... ............. ............................. ...... .. ........... ..

. VIII

LIST OF FIGURES ... ........... ...... ..

.. .... X

INTRODUCTION ... ......... ........... .

.. ... I

LITERATURE REVIEW ......................... ..... ...... .. ............. ... ..

.. ... 6

Importance of Energy ...... ...................... .. .. .. .. ........ .............................. .. .......... ........... 6
Associative Effects and Sources of Energy Supplementation ....
.. ........ 6
Cattle Responses .... .. ........ ..................... ... ....... ..... ... ....... ................ .. .
Sheep Responses ...... .......... ......... .... .. .... ........... ........ .... ... .............. .. ...... .
Methane Responses ............................. ...
MATERIALS AND METHODS ....... .. .. .... ..

... 7
.. ...... 8
.. .. 10

.................. ...... .. .. .... .. .... ... .. .. .. . .... 13

Design and Treatments .... .. ... .. .. ... ......................... .......... .............. ..... .. ....... ...... .. .. .. 13
Animals ....... .. .. .. ...... ....... ...................... .............. ........ ... ... ... .. ..... .........
.. 14
Experimental Periods .. .. .. .. .. .... ...... ...... ................ .... ..... .... ...............
.. .. 15
Measurements .. .... ................................ .. .. .. .......... .. ... .. ... ..... ... ... ........... ......... ............. 16
Daily Intake of Forage and Total Diet ............. .. ..................................................... 16
Digestive Tract Kinetics and Digestibility ................ :..........................
.. .... ... . 16
Rumen Fermentation Characteristics .. .. .. ................... ... ..... ............. ....................... 17
Methane Emission.. .. ..... ...........
...... .. .. .. ................ ................... ...... .......
. 17
Urine Output .............................................. .. ... ................ ...................... .. ......... ....... 17
Energy Content and Losses.... ............... ........................... .....
.. ..... 18
Climatic Information... ... ... .. .. ............ .................... .................. ...
. ... 18
Data Analysis ........ .. .. ...... .
RESULTS AND DISCUSSION ....................... ..

.... 18

.. .. ...... .... ... .. .... ........ .. ......... .. .. 20

Climatic Information .... .. .... ... ... ..... ...... ... .. ... .... ...... ... ..... .. ... .... ..... .. .

...... 20

vii
Intake ...
Digestive Tract Kinetics and Digestib ility ..
Rumina! Fermentati on Characteristics

.. .... 20
.. ... 24
.26

Rumina! pH ........ ............ ......... . .. .. ............ .. ........ .... ...... ......... ......... ..... ... ...... .... .. 26
Vo latile Fatty Acids .. .. .... ......................... ... ..
...28
Methane ................. .... ................ .
Energy Losses .................................... ..
Gross, Digestible, and Metabo lizable Energy Content of Diets .. .. ...... ... .
CONCLUSIONS .... .... ..... .. .. ... ..... .. ......... ..................... .... ................ ..... .

.. 29
.3 1

.. ..... .. .. .33
...... 36

LITERATURE CITED

..38

APPENDIX ...... ... ....... .............. ..... ..

.. 44

vi ii

LIST OFT ABLES

Table

Page

Nutrient composition of feedstuffs ........... .... ... .. ................... ..

.. .. 15

2

Experimental schedule ..

3

Climatic information for each sampling period .... .....

4

Species, supplement, and physiological stage interaction least square means for
daily forage and total DMl (% BW) .............. ...... .................... .. .. ................ .. .. .. .... .. 2 1

5

Dry matter digestibility of total diet (%) least squares means for species by
physiological stage interaction .. .. .. ....................... .. .. .. .. ... ... ... .... .. ...... . ........... ...... ... 25

6

Retention time (h) least squares means for species, supplement, and
physiological stage interaction ..... ............................ .... ... .. .. ..... .... .... .

.. 16
.... ........ ............ ..... 20

.. ............ 25

7

Least-squares mean pH values for cows, over sampling times within each
physiological stage
.. ... ...... ...................................... ... .. .. .. .. .. ........... ........ .. .27

8

Least squares means for rumina! butyric acid proportion (mol! I 00 mol), and
total VFA concentration (mM) according to supplement and sampling time

9

.. .. 29

1

Methane production (g d' kg BW) least squares means for species by
physiological stage interaction. .. .. .. ... .. .. ..... ...... .. ..... ... .. .... ................................

... 30

10

Energy lost as urine (%GEl) by species and physiological stage .. .. .. .......... .. ... .. . ... 3 1

11

Species, supplement, and physiological stage interaction least squares means for
energy lost as methane (%GEl) .. .. ........ .... .. .. ....... .. .. ...... .. .. .. ... .......................... . ..... 32

12

Digestible and metabolizable energies (Meal kg- 1 DM) of diets, according to
physiological stage ... .......... ..... .. ... ... ...... .... ..... ... ... ................ .... .. ...... ... .................... 34

13

Analysis of variance for forage DMl ................... ...... ... .... ...... .. ....... .. .. ... ..

14

Analysis of variance for total DMl .............. .. ..... .. .... .... ........ .. ........ .. ..... .. .. .. ..

15

Analysis of variance for digestibility ........ ............ .......... .. ..... .............. .. ..... .. ... .. .. .. .46

16

Analysis of variance for passage rate ....... .. .. .. ............. ...................... ... ...... .. ........ .. .46

.. .. 45
... 45

IX

17

Analysis of variance for retention time .. . ............................ .... ... ... ........ ..

18

Analysis of variance for fill of undigested residue in the gastrointestinal tract ..... .47

19

Analysis of variance for pH .............. .

20

Analysis of variance for acetic acid proportion .. .. .......... ..

.. ..... .48

21

Analysis of variance for propionic acid proportion ...... .... .

.. ... .49

22

Analysis of variance for isobutyric acid proportion .. .

23

Analysis of variance for butyric acid proportion ......

24

Analysis of variance for isovaleric acid proportion

25

Analysis of variance for valerie acid proportion ............... ...... ..

..5 1

26

Analysis of variance for n-butyric acid proportion . ............ .... ..

.. .... 51

27

Analysis of variance for n-valeric acid proportion .. .. .....

28

Analysis of variance for total VF A concentration ...... ........... .......... ........... ..

29

Analysis of variance for acetic:propionic

30

.... .47

.. ... .48

.. ..... .. . .49
.. ....... ...... ....... .... ...... .. . 50
.... 50

.52
. ... 52

.............. ........ ...... .. .. .. ........ ........ 53

1

Analysis of variance for g CH4 kg' BW .

.. ....... 53

31 . Analysis of variance for g CH4 kg"1 forage DMI.. .. ..
1

.. 54

32

Analysis of variance for g CH4 kg" total DMI .......... ..

33

Analysis of variance for g CH4 Meal GEI" 1 .............. .. .......... .... .

.. .... 55

34

Analysis of variance for GEl lost as feces ........ .. .... .... .......... .. ..

...... 55

35

Analysis of variance for GEl lost as urine .... ...... .... .. ........ .......... .

36

Analysis of variance for GEl lost as CH.

37

Analysis of variance forGE kg' 1 DMI

.... 57

38

Analysis of variance for DE kg' 1 DMI... ............... .......... ......... .. ................. .. ..

.. .. 57

39

1

.54

.. 56

..................... ... ........ .................. 56

Analysis of variance for ME kg' DMI... ....................... .. ....................................... 58

X

LIST OF FIGURES

Figure

Page

Digestibility and DMI of barley straw in cows, according to source of
supplement ........................... ...... ........ ... ... .. ..... ... .................................................. .. 11

rNTRODUCT!ON

Because of the high quantity required, energy is the most important nutrient used
by an organism and represents the highest cost of cattle and sheep feeding (American
Sheep Industry Association, 1996; Torell and Balliette, 1997). Therefore, optimization of
energy use must be a primary goal of any li vestock operation. Of the total gross energy
needed in a cow-calf system, about 45% is lost as heat, 40% as feces, and I 0% as urine
and combustible gases, primarily methane (CH4 ; Ferrell, 1993). Only 5% is retained as
product in the calf. Because less than half of this 5% is edible, options are needed to
improve production and economic responses by decreasing feed energy losses or
improving use of nutrients from inexpensive feedstuffs.
Critical periods in the annual production cycle of the beef cow and the ewe are
late gestation and lactation. Nutri tional management at these times will have an important
impact in the reproductive response and profitability of the livestock operation (Dziuk
and Bellows, 1983; Richards et al., 1986; Houghton et al., 1990). Available forage is
normally of low quality during these periods; thus, supplementation becomes important
for efficiency of feed utilization by the dams (Thomas and Kott, 1996; Caton and
Dhuyvetter, 1997). Strategic supplementation must be planned during these critical
periods to improve nutrient utilization from low-quality forages (Thomas and Kott, 1996;
Caton and Dhuyvetter, 1997), which produce high quantities ofCH4 because of their high
cellulose content (Johnson and Johnson, 1995). In spite of this, most supplementation
research has not been conducted using reproductive livestock (cows and ewes), which are
often the highest proportion of animals in a herd, especially during winter. Additionally,
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most studies have not related supplemental energy sources to energetic losses as CH4
output and have not evaluated respon ses during both the pre- and postpartum stages.
Methane is a gas produced by fermentative digestion in ruminants that has an
important greenhouse effect. Methane losses range from 2 to 12% of the gross energy
intake (GEl) by cattle (Johnson et al. , 1994; Johnson and Johnson, 1995). This percentage
is influenced by several characteristics of the diet, including dietary forage to grain ratio,
level of intake, type of carbohydrate, feed particle size, amount and type of lipid, and
microbial flora composition (Johnson and Johnson, 1995). Methane comprises about 12%
of the U.S. greenhouse gas emissions, with about 23 % coming from ruminant li vestock,
and one of the goals of President Clinton' s Climate Change Action Plan is to return
greenhouse gas emission to 1990 levels by the year 2000 (Clinton and Gore, 1993).
Because of the importance of this plan and the ruminant contribution to methane
em issions, it is necessary to find ways that are economically feasible to decrease methane
emissions from domestic ruminants. By improving livestock management practices,
technologies, and marketing options, it is possible that overall CH4 output rate can be
maintained while increasing the amount of product per unit ofCH, emitted.
High-concentrate supplementation may reduce CH4 production from ruminants
(Moe and Tyrrell, 1979; Tamminga, 1992; Johnson and Johnson, 1995), but decreased
CH4 output must be a consequence of increased efficiency in the use of cheaper
feedstuffs and not an isolated goal. There are several reasons why feeding highconcentrate supplements to beef cows and ewes may not be feasible. First, long periods
of high-concentrate supplementation may not be economically viable because of the cost
of the supplement (De! Curto and Hathaway, 1997). Second, the supp lement may decrease

3
utilization of nutrients from the low-quality forage (Caton and Dhuyvetter, 1997).
Another important consideration is to avoid long-term grain supplementation of
ruminants because they are not competitive wi th monogastrics for efficiency in the use of
grains (Kellems and Church, 1998). Therefore, it is important to improve the
understanding of supplementation strategies for ruminants that improve use of forages ,
are economical, and minimi ze methane em ission. The feeding system must be
biologically efficient by increasin g the amount o f product per unit of GEl by reducing
energetic losses, particularly as methane.
The general objective of this study was to evaluate the influence of type of
carbohydrate (structural vs. nonstructural) in an energy supplement on rumina! di gestive
and metabolic responses and methane output from gestating and lactating beef cows and
ewes consuming low-quality forage.
To achieve the general objective, specific objectives and hypotheses were:
I. To determine effects of animal species on rumina! digestive and metaboli c responses,
and CH 4 output of cows versus ewes.
Hypothesis:
The ruminant species do not differ in rumina! digestive and metabolic
responses, and CH4 output.
Alternative Hypothesis:
•

Rumina! digestive and metabolic responses are more efficient, and
CH4 production is lower in ewes than cows because of energy
supplementation.

4
2. To compare the effect of supp lementa l carbohydrate source (structural vs.
nonstructural) on rumina! digestive and metabolic responses, and CH4 output, in
ruminants fed a diet based on low-quality forage .
Hypothesis :
Energy supplementation based on structural carbohydrates improves
the use of nutrients from low-quality forages and animal performance;
whereas

energy

supplementation

based

on

non-structural

carbohydrates depresses the use of nutrients from low quality forages.
Alternative Hypotheses:
a. Both energy sources, structural and nonstructural carbohydrates,
improve the use of nutrients from low quality forages and animal
performance.
b. Neither supplement (structural and nonstructural carbohydrates)
affects nutrient use from low-quality forage.
c. Both supplements depress nutrient use from low-quality forage .
3. To compare rumina! and metabolic responses, and CH4 output in cows and ewes in two
physiological states (gestating vs. lactating).
Hypothesis:
•

Voluntary DMI will be higher during lactation than gestation; because
of this, rate of passage will increase, digestibi lity wi ll decrease, and
proportional CH 4 production will decrease.

Alternative Hypothesis:
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a. Voluntary DMI, rate of passage, digestibility, and methane output
wi ll not be affected by physiological status.
4. To detect interactions among main effects of animal species (cow and ewe),
carbohydrate source (structural and nonstructural), and physiological status (gestation
and lactation).
Hypothesis :
•

There are no interactions among main effects evaluated: speci es (beef
cow and ewe), carbohydrate sources (structural and nonstructural), and
physiological status (gestation and lactation).

Alternative Hypotheses:
a. Rumina! and metabolic responses, and CH4 output of cows and ewes
will be different for each species depending on the type of
carbohydrate fed.
b. Rumina! and metabolic responses, and CH. output of cows and ewes
will be different and associated with physiological status.
c. Rumina! and metabolic responses, and CH. emission are the result of
an interaction among species, carbohydrate source, and physiological
status.
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LITERATURE REVIEW

Importance of Energy
Cows receiving harvested or grazing low-quality forage during the winter may be
unable to meet their energy and protein requirements for maintenance, gestation,
parturition, and lactation. Energy supplementation becomes necessary and is often
practi ced in these cases (Caton and Dhuyvetter, 1997). Supplement formulation that
improves the utilization of nutrients provided by low-quality forage has significant
economic implications for cattle or sheep enterprises (Dhuyvetter and Caton, 1996).
By feeding high-energy feeds , optimal body condition can be maintained in beef
cattle (Richards et al., 1986). Moreover, the duration of the postpartum anestrous interval,
pregnancy rate, and pre-weaning calf gain can be positively influenced by feeding
management during critical periods of the producti ve cycle: late gestation and lactation
(Dziuk and Bellows, 1983; Houghton et al. , 1990; Bennett and Wiedmeier, 1992).
In a sheep production system, the potential lamb meat output can be influenced by
nutrition during critical periods of the reproductive cycle or physiological state of the ewe
(Rattray, 1992). The rapid increase in energy requirements in late gestation and early
lactation imposes a progressive limitation on the use of poor-quality roughage as the only
feed, especially for ewes with twins and triplets (Robinson, 1987).

Associative Effects and Sources of
Energy Supplementation
Associative effects is a term used in reference to the influence that one feed stuff
has on the utilization of another when the two are fed in combination. Associative effects
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are defined as nonadditive differences and may be positive or negative (Merchen , 1993 ;
Ferrell, 1993).
Lower pH caused by increasing dietary starch in grain-based energy sources
changes the rumina! bacteria population, causing a reduction in fiber digestion and forage
intake (Caton and Dhuyvetter, 1997). Results of previous research in this area have
varied: steers fed barley or sugar beet pulp as supplements with brome hay had pH
changes that were less than those of steers fed only hay or hay supplemented with com
(Carey et al., 1993). In contrast, Sanson and Clanton ( 1989) reported that pH was not
affected by com supplementation ranging from 0 to .75% of body weight (BW) .
Working with wether sheep, Rymer and Armstrong (1989) found that the mean pH of
rumen fluid tended to decrease as barley replaced molassed-sugar beet pulp in the diet.
Although there was an increase in the length of time that rumen fluid was below pH 6, no
difference was observed in the rumina! concentration or proportion of volatile fatty acids
(VFA).
1n addition, the animal itself may react to an imbalance between its input of
energy and nitrogen by reducing feed intake (Henning et al. , 1980). Moore and Kunkle
(1996) defined "unbalanced forage" for growing beef cattle as a forage with a total
digestible nutrient to crude protein ratio (TDN:CP) of>7. An imbalance between energy
and nitrogen is common for ruminants that are supplemented with grains while grazing
dormant range or consuming low-quality hay or straw in winter.

Cattle Responses. In a review, Caton and Dhuyvetter (1997) cited numerous
studies that reported that grazing cattle generally decreased forage intake as they received
incremental energetic supplementation. Depression in rumina! pH (starch effect) is the
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most common explanation for the reduction in forage intake caused by shifting the
rumina! bacteria toward greater amylolytic and lower cellulolytic populations. Energy
from concentrates is used more efficiently than energy from forage for both maintenance
and gain. However, Bowman and Sanson (1996) suggested a positive associative effect,
wherein forage intake and digestibility may increase, when the energetic supplement is
low in nonstructural carbohydrates and the forage is of low qua]jty.
Sheep Responses. Henning et al. (1980) and Matejovsky and Sanson (1995)
found that wethers increased forage intake at low levels of com supplementation.
However, Matejovsky and Sanson (1995) indicated this effect only occurred with lowquality forage. The results were consistent with those reported by Thomas and Kott
( 1996), who indicated that ewes grazing winter range and receiving small quantities of
supplement did not reduce forage intake. According to these authors, the low quantity of
supplement, .2% ofBW, was probably not great enough to cause supplement to substitute
for forage. It has been demonstrated in most studies with sheep that forage intake
decreased as level of energy supplementation increased. Forage intake may increase if
small amounts of energy are supplemented more frequently in sheep than cattle
(Matejovsky and Sanson, 1995; Caton and Dhuyvetter, 1997).
The effect of energy supplementation on digestibility of basal forage in ruminants
has varied. Henning et al. (1980) and Chase and Hibberd ( 1987) worked with sheep and
beef cows, respectively, and showed that digestion of both hemicellulose and cellulose
decreased as the level of com supplementation increased. Matejovsky and Sanson ( 1995)
worked with wether lambs and found that dry matter digestibility (DMD) of the total diet
increased as the level of energy supplementation increased when fed low-quality forage.
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However, no differences in DMD were detected with medium and hi gh quality hays. On
the other hand, digestion of neutral detergent fiber (NDF) was not affected when forage
was hi gh quality but was depressed in low- and medium-quality forage diets (Matejovsky
and Sanson, 1995). In contrast, Sanson and Clanton ( 1989) found that com
supplementation decreased intake of low-quality hay, but digestibility and animal
performance were not affected.
Working with beef cattle, DelCurto et a!. (1990) related the effect of energy
supplementation on the intake of low-quality forage to the level of protein in the diet .
They reported reductions in forage intake as energy supplement increased when
supplemented with low CP. However, no effect was observed when a hi gh protein
supplement was used. Similar results were obtained by Heldt et a!. (1999), who related
the impact of energy supplementation on low-quality forage use to the level of degradable
intake protein (DIP) provided and the source and level of carbohydrate offered.
In their review, Caton and Dhuyvetter (I 997) found agreement that rate of
digestion was not affected by supplementation of grazing cattle or cattle fed grass hay.
Carey et a!. (I 993) reported no differences among different types of energetic
supplements (barley grain, sugar beet pulp, and com grain) on dry matter (DM) and NDF
rate of in situ degradation of medium-quality hay fed to beef steers.
According to Caton and Dhuyvetter (1997), supplementation with energetic
sources based on readily degraded fiber generally has a less negative effect on forage
intake than supplementation with starch from grain supplements. Examples of readil y
degraded fiber sources include wheat middlings, sugar beet pulp, and com gluten feed.
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When low-quality crested wheatgrass hay fed to lambs was supplemented with
com or beet pulp, total (hay plus supplement) DMI decreased linearly as the level of com
increased (Sanson, 1993). However, beet pulp did not affect total DMI. Hay DMl
decreased as level of either supplement increased. Working with beef cows, Wiedmeier
(unpublished data) found negative and neutral associative effects on forage utili zation
when supplementing cereal straw with barley grain and sugar beet pulp, respectively
(Figure 1). Lambs whose diet was supplemented with beet pulp had greater estimated hay
DMD than lambs supplemented with com (Sanson, 1993). Drennan (Murphy, 1986)
compared barley and ensiled, pressed-beet pulp as supplements to silage for fattening
cattle and found that feed c()nversion rates (DMI!kg carcass gain) were simi Jar.
Rooke et al. (1992) compared the effect of barley or molassed sugar beet pulp on
digestion of silage diets in nonlactating cows and wether sheep. Molar proportions of
propionic acid were higher and n-butyric acid lower in sheep than cattle. There were no
differences in whole tract or rumen digestion of organic matter or nitrogen comparing the
use of barley and sugar beet pulp.
In summary, positive responses to energetic supplementation of low-q uality
forages, in terms of forage DMI and DMD, are more common in sheep than cattle.
Considering both livestock species, sugar beet pulp (structural carbohydrates) should
have advantages over grains (nonstructural carbohydrates) in fermentation patterns and
thus improve the use of nutrients from forages .

Methane Responses
According to a literature review by McAllister et al. (1996), it is estimated that the
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Figure I :Digestibility and DMI of barley straw in cows, according to source of
supplement (Wiedmeier, unpublished data).

world 's population of ruminants produces 77 million tons of methane annually.
McAllister et aL (1996) speculated that domestic animals produce between 12 and 30%
of this methane. Methane production was estimated at 65 and 8.0 kg animar ' yr·', for
cattle, and sheep and goats, respectively.
Cattle typically lose 6% of their ingested gross energy as eructated methane
(Johnson and Johnson, 1995). Generally, variabi lity in methane loss increases as diet
digestibility increases. Johnson and Johnson (1995) and Tamminga (1992) indicated that

ca. production

increased with increasing digestibility at low levels of intake, but the

proportion of CH4 produced, related to energy intake, decreased with increasing intake at
high levels of digestibility. The two primary mechanisms that cause this variation are the

12
amount of dietary carbohydrate fermented in the reticulo-rumen and the ratio of
vo latile fatty acids (YFA) produced . These factors are related to each other and influence
the quantity of CH4 produced. Production of CH4 per gram of cellulose digested is nearl y
three times that per gram of hemicellulose and five times that per gram of nonstructural
carbohydrates digested (Moe and Tyrrell, 1979). Fermentation of cell wall fiber yields
higher acetic:propionic acid and higher methane losses (Moe and Tyrrell , 1979;
Tamminga, 1992). However, as a greater amount of any carbohydrate fraction is
fermented per day, whether it is fiber or starch, relative methane production is decreased
(Johnson and Johnson, 1995). For example, in the ex periment of Kujawa (Johnson and
Johnson 1995), methane losses fell from the normall y reported fraction of 6% or more to
4 to 5% of GEl with high intakes of beet pulp in steers. Methane production also
increased proportional to the improvement in digestibility due to ammoniation or protein
supplementation of low-quality forages (Birkelo eta!. , 1986).
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MA TERlALS AND METHODS

Design and Treatments

In a completely randomized design with a 3*2 factorial arrangement (Kuehl,
1994), three energy supplement treatments and two species (beef cows [Bas taurus] and
ewes [Ovis aries]) were evaluated in two identical experimental periods. The first
experimental period was during the final trimester of gestation (March 22 to 27 and April
1 to 6 of 1999 for cows and ewes, respectively) and the second was during the
postpartum anestrus period (May 24 to 29 and June 1 to 6 of 1999 for cows and ewes,
respectively). All cows and ewes calved and lambed between April 3 and May 6.
To simulate the quality of grazed dormant forage at this time of the year, the basal
diet was straw from tall wheatgrass (Agropyrom elongatum) that had been harvested for
seed (Table 1). The forage was chopped through a 10-cm screen to minimize losses from
the feed bunk and sorting of leaves and stems. Forage was offered once a day at 0800 at
110% of the previous day's intake to allow ad libitum consumption. Animals had
permanent and free access to water and trace-mineralized salt.
The three supplement treatments were:
1. Control: no additional energy supplement. This treatment received a small quantity of

soybean meal, which supplied protein and energy, but this was not an energy
supplement per se
2. Barley grain: a high starch, nonstructural carbohydrate source
3. Sugar beet pulp (SBP): a readi ly fermentable, structural carbohydrate source

14
Roll ed barley was fed at .5% of BW and peiletted SBP at .57% BW to o ffe r
isoenergetic quantities of supplements {NRC, 1996). The control treatment received
soybean meal to increase estimated total diet CP content to 7% to ensure adequate
rumina! function (Paterson et al. , 1996). The amount of soybean meal was calculated for
each individual animal in the experiment based on the expected total DMI {NRC, 1984,
1985). Supplements were not isonitrogenous. Barley, SBP, and control treatment recei ved
.062 , .069, and about .04% BW as CP from the supplements, respectively. Supplements
were offered once a day, immediately before offering forage .
All the feedstuffs were analyzed (Table I) for DM and ash (AOAC, 1984), crude
protein (CP) (NA 2100 Protein Nitrogen Analyzer, ThermoQuest ltalia S.p.A. , Milan,
Italy) , acid detergent fiber (ADF) (Goering and Van Soest, 1970), and gross energy (GE)
(AOAC, 1990). Metabolizable energy content of the forage was calculated from ADF and
CP according to Fonnesbeck and Anderson (1981) . For concentrates, ME was calculated
from ADF content according to Undersander et ai. (1993) and NRC (1984) for
concentrates.

Animals
Each treatment combination had three replications, with individual animals
(housed in individual pen, with a covered loafing area) as the experimental units. Thus,
nine cows and nine ewes were used. Two animals from each treatment were ruminaliy
fistuiated according to the standards of the USU Institutional Animal Care and Use
Committee (IACUC).
Beef cows were between 3 and I 0 years old and averaged 561 (n = 9) and 528 (n
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Table 1. Nutrient composition of feedstuffs
Feedstuff
Component
DM,%

Straw

Soybean meal

Barley

SBP

86.49

87.44

88.66

87.78

DM basis
OM, %

92.46

93 .33

97.46

90.95

CP,%

5.52

51.65

12.32

12.18

53.26

12.79

9.93

28.09

GE, Meal/kg

4.13

4.36

4.21

4.02

ME, Meal/kg

1.54

2.85

2.93

2.46

ADF, %

=

9) kg for pre- and postpartum periods, respectively. Ewes were between 4 and 9 years

old and averaged 63 (n = 6) and 52 (n = 7) kg for pre- and postpartum periods,
respectively.
Before the start of the prepartum sampling period, one cannulated ewe from the
barley treatment died. Between experimental periods, two more cannulated ewes died,
one each from the control and SBP treatments. All three were replaced with noncannulated ewes before the start of adaptation for the postpartum experimental period.
However, the new ewes assigned to the control and SBP treatments never ate the
supplement, so they were eliminated from the experiment.

Experimental Periods
Each experimental period lasted 20 days, including 14 days of adaptation to diets
and 6 days of samp ling (Table 2, adapted from Cochran and Galyean, 1994).
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Measurements
Daily Intake of Forage and Total Diet. All concentrate that was offered was
consumed. To determine forage DMI during experimental periods, forage offered and
refused was weighed daily. After mixing daily, samples of about 5% were composited
and saved to estimate DM ( 105° C for 12 h) offered and refused by cows and ewes
separately for each period.
Digestive Tract Kinetics and Digestibility. Five and 0.5 g of elemental Ytterbium
(Yb) were administered to cows and ewes, respectively, in a pulse-dose on day 15 of each
experimental period to estimate rumina! retention time, total tract passage rate, total tract
fill , and fecal output (Pond et al. , 1987). Ytterbium, in the form of Yb203, was mixed
with the supplements the day before administration in a ratio of 1 g of elemental Yb to

Table 2. Experimental schedule
Day of the experimental period
Activity

2 to 14

Weigh animals

X

Estimate DMI

X

Collect forage samples

15

17

18

19

X

20
X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

Collect orts
Collect feces samples

16

X

Collect urine

X

Collect rumen samples

X
X

Yb administration

X

Methane sampling

X

X

X

X

X

X
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I 00 g OM of supplement, which was totally and immediately consumed at the time of
administration. Fecal samples were coll ected from the rectum at 0, 4, 8, 12, 16, 20, 24,
28, 32, 36, 42, 48, 54, 60, 72, 84, 96, I 08, and 120 h after Yb dosing (Hatfield et a!. ,
1990). Samples were stored frozen until Yb extraction following the procedure of Ellis et
a!. ( 1982) for analysis by inductively coupled plasma emission spectroscopy (!CP). Once
the concentration of Yb was determined in the feces , data were fitted to a !-compartment
model with time delay and gamma two-age dependency (Pond et a!. , 1987) using the
nonlinear procedure of SAS (SAS , 1999). Apparent digestibility of the diet was
calculated using measured daily OM! and calculated fecal output.

Rumen Fermentation Characteristics. Rumen fluid was collected every 2 h for an
8-h period, beginning immediately before the meal of day 17 of each experimental
period. Fluid pH was measured immediately upon removal from the rumen and samples
were stored frozen for subsequent analysis of VFA. Volatile fatty acid concentrations
were determined by gas chromatography (HP 6890, Hewlett-Packard Co. , San Fernando,
CA) using a capillary column (30.0 m

* 320

~m

* 0.25

~m,

Supelco Inc., Bellefonte,

PA).

Methane Emission . Methane output was estimated using the sulfur hexafluoride
(SF 6) tracer technique developed by Johnson eta!. (1994).

Urine Output.

Two urine sampl es were collected from each animal on two

different non-consecutive days during each experimental period by stimulating the
urethra or during spontaneously urination . Urine was acidified using sulfuric acid at
about I% of urine volume, stored fro zen and subsequently freeze-dried to estimate
energy content. A minor subsample was fro zen separated to estimate daily urine output
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based on creatinine concentration using the procedure by Oser ( 1965). A 4.5% DM
content was assumed in the urine to convert volume to DM weight (Tomlinson et al. ,
1996).

Energy Content and Losses. Gross, digestible, and metabolizable energy of the
diets was calculated by measuring the GE content of the feedstuffs , refusals, feces, and
urine by bomb calorimetry (AOAC, 1990). A value of 9.45 kcal

r 1 was

used as the CH 4

energy content (Brouwer, 1965). In addition, fecal, urinary, and CH4 losses were
calculated and analyzed as a percentage of GE intake. Urine samples were collected from
two and five ewes during pre- and postpartum sampling periods, respectively. The GE
urine content for ewes with no samples collections was obtained by using the mean GE
content from urine samples collected from ewes in the same supplement treatment.

Climatic Information.

As recommended by Cochran and Galyean (I 994) for

experiments that are not conducted in a controlled environment, climate data are reported
from the nearest meteorological station, including mean, minimum, and maximum
temperature, precipitation, and snowfall.

Data Analysis
All data were analyzed using the general linear model procedure ofSAS (1999) to
perform analyses of variance. Intake, digestibility, kinetic, and energy responses were
analyzed as a completely randomized design in a split-plot treatment structure. The 2*3
factorial arrangement of animal species and supplement treatment was in the main plot,
with animal within species*supplement treatment used as the main plot error term .
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Sampling period (pre- and postpartum) and its 2- and 3-way interactions with mam
plot effects were in the subplot, with residual error used as the subplot error term .
Least squares means were calculated for all significant main effects or
interactions. Species, supplement, and physiological stage means were separated by
protected LSD at P < .I 0. Appropriate standard errors and LSD for split plot
arrangements were calculated according to Cochran and Cox (1957).
Rumina! fermentation responses including rumina! pH, VFA concentrations, and
acetate:propionate were analyzed in a split-split-plot arrangement. Because only one
cannulated ewe was available in each supplement treatment group, only cow responses
were statistically analyzed. Therefore, energy supplement treatment was in the main plot
with cow within supplement treatment used as the main plot error term. Physiological
stage and its interaction with supp lement treatment were in the subplot with cow within
supplement treatment by physiological stage used as the subplot error term. Time of
rumina! sampling, along with its 2- and 3-way interactions with supplement treatment
and .physiological stage, was in the sub-subplot. Residual error was used as the subsubplot error term . Time responses were analyzed by orthogonal polynomial contrasts.
When time interacted with supplement treatment or physiological stage, orthogonal
polynomial contrasts of time within each level of supplement or physiological stage were
calcu lated.
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RESULTS AND DISCUSSION

Climatic Information
Table 3 provides a summary of mean climatic data during each sampling period
of the experiment.

Intake
Forage and total DMI (FDMI and TDMI, respectively) both interacted (P = .04)
among species, supplements, and physiological stages (Table 4).
Comparing energy-supplemented treatments with control, FDMI differences were
detected for ewes during both gestation and lactation, but not for cows. Prepartum FDMI
was depressed in ewes receiving both energy supplements, whereas the inverse was
observed during lactation.
Control ewe TDMI was on average 55% lower than TOM! for ewes receiving
either barley or SBP during lactation. Total OM! was not different among supplement

Table 3. Climatic information for each sampling period
Sampling period I Species
Gestation

Lactation

Cows

Ewes

Cows

Ewes

Mean maximum, °C

16.8

6.4

26.7

18.0

Mean minimum, °C

1.4

-1.9

10.4

7.0

Precipitation, mm

2.5

7.9

3.6

32.3

Snow, mm

0.0

101.6

0.0

0.0

Item
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Table 4. Species, supplement, and physiological stage interaction
least square means for daily forage and total DMI (% BW)
Forage DMI 1
Species

Supplement

Cow

Gestation

Lactation

Control

1.10' y

1.73bz

Barley

1.16' y

1.67bz

.931x:y

1.53b z

SBP
Ewe

Control

1.ooa

1.12'

Barley

.47" Y

I. 79b z

SBP

.Slaby

I. 75b z

Total DMI 2
Cow

Ewe

Control

1.16a y

I. 79b z

Barley

1.85b y

2.36'z

SBP

1.57ab y

2.20bc z

Control

1.20a

1.12a

Barley

1.12a y

2.55'z

SBP

J.lla y

2.40cz

1

Standard error for Forage DMI = .27 1 for period within the same species and
supplement treatment; SE = .247 for periods across species and supplement treatments.
2
Standard error for Total DMI= .270 for period within the same species and
supplement treatment; SE = .252 for periods across species and supplement treatments .

a, b,' compare means within colunm (P ::_.1 0) for Forage or Total DMI.
y, z compare means within row (P ::_. 10) for Forage or Total DMI.
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treatments during gestation. Total DMI was higher for cows receiving barley than
cows receiv ing the control supplement, while SBP was intermediate and not different
from control or barley during both gestation and lactation.
Cow results disagree with Chase and Hibberd (1987) and Sanson et al. (1990),
who both noted, working with steers and nonpregnant beef cows, respectively, that
providing energy supplement in the form of com reduced forage intake by cattle, even at
lower levels of supplementation than used in this experiment. Results of FDMI from
gestating ewes are contrary to results of Thomas and Kott ( 1996), who found that FDMI
of pregnant ewes grazing winter range was not affected by a 20% CP barley-based
supplement when fed at .2% BW. Carey et al. (1993) reported no differences in the
TDMI of steers when comparing unsupplemented control and different kinds of energetic
supplements (barley, SBP, and com). They observed higher FDMI in the control
treatment, a response that was not observed for the cows in this experiment. However, all
their diets were at least II% CP, higher than in this experiment, which could improve
forage utilization. Matejovsky and Sanson (1995), working with wether lambs, found
increased FDMI at low levels of energy supplementation. However, increased FDMI was
only observed for ewes during the postpartum period in the current experiment.
Additionally, they predicted a decrease in TDMI when com supplementation was
between 0.5 and 0.75% ofBW, which did not occur with either energy supplement in this
experiment. Thus, supplementation at 0.5% BW, as in the present trial , increased TDMI,
as observed with SBP and barley for ewes during lactation, and with barley for cows in
both pre- and postpartum, which agrees with Caton and Dhuyvetter (1997). Different
amounts and (or) degradabilities of protein, or different mineral availability have been
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suggested by Heldt et al. ( 1999) as confounding effects in experiments conducted to
study the impact of carbohydrate so urces on low-quality forage uti li zation . Different
substi tution rates between barley and SBP should be considered as another factor
affecting DMI (Poppi and McLennan, 1995). A substitution effect was only detected in
gestating ewes, but both energetic supplements showed the same effect. Sanson and
Clanton ( 1989) did not refer to the effect of different energy sources, but they stated that
concentrates fed below 30 glkg BW·75 should not result in large substitution rates. ln the
present trial, supplementation was 50 and 57 glkg BW·75 for barley and SBP,
respectively. According to these data, substitution should be expected and indeed was
detected with ewe FDMI during gestation.
During late gestation cow and ewe TDMI was lower for all supplement treatments
than expected values according to NRC (1984 and 1985, respectively), probably because
of the very low quality of the forage combined with gestation, which imposed a physical
limit on intake (NRC, 1996). However, Sanson and Clanton (1989), working wi th
pregnant cows and feeding a 7% CP hay supplemented with com, reported TDMI that
varied from 1.8 to 3.1% BW. Ewe TDMI was also lower than the 1.7 to 1.8% BW cited
by Thomas and Kott (1996) for gestating ewes grazing winter range. Total DMI
presented a different pattern during lactation. Cow TDMI was at the top of the expected
range (NRC, 1984), while ewes remained at a much lower TDMI than predicted (NRC,
1985). These results suggest that ewes are more sensitive than cows in terms of DMI,
when low-quality forage is fed.
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Digestive Tract Kinetics and Digestibility
Digestibility displayed an interaction between species and physiological stage (P
.065, Table 5). Differences were not detected in passage rate, with an overall mean of
1

3.99 (.± .1)% h- , which was close to the 3.60% h"1 reported by Martin and Hibberd (1990)
as average of different supplemental treatments fed to beef cows receiving a low-quality
forage. Total tract retention time interacted (P

=

.006) between species, supplement, and

physiological stages (Table 6). Finally, fill of undigested residue in the gastrointestinal
tract was affected by physiological stage (P < .0001 ), with least squares means of .80 and
1.36 (.±.08)% of BW for gestation and lactation, respectively. This difference probably
occurred because of the effect of late gestati on, wi th a developing fetus decreasing rumen
capacity.
Although digestibility was higher in cows than ewes during both gestation and
lactation, this difference was not significant. In contrast, De Boever et al. (1984) reported
that feedstuffs of low quality are better digested by cows than by sheep. Differences
between physiological stages were significant on ly for cows, being lower during lactation
than gestation. This is likely due to the hjgher DMI during lactation that results in a lower
digestibility, as discussed previously. The lack of difference between physiological stages
for ewes could be because ewe DMI was always much lower than expected.
The expected associative effect of supplement treatment on digestibility was not
observed. These results disagree with Bowman and Sanson ( 1996), who suggested that
digestibility increased when low-quality forage was supplemented with an energy source
low in nonstructural carbohydrates, such as SBP, and with Matejovsky and Sanson
(1995) when com was used as a supplement of low-quality forage.
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Table 5. Dry matter digestibility of total diet(%) least squares means
for species by physiological stage interaction
Physiological stage 1
Species

Gestation

Lactation

57.Y

41.2 2

Cows
Ewes
1

Standard error (SE) = 6.60 for physiological stage in the same species;
SE = 7.17 for physiological stage across species.

y, z

compare means within rows (P ::::._.1 0)

Table 6. Retention time (h) least squares means for species,
supplement, and physiological stage interaction
Physiological stage 1
Species

Supplement

Cows

Ewes

Gestation

Lactation

Control

52.7'

47.5'

Barley

54.8'

52.1 '

SBP

45.6'

46.2'

Control

47.2'Y

67.6bz

Barley

75 .8b y

63.5b z

SBP

46.1'

43 .9'

1

Standard error (SE) = 4.3 for physiological stage in the same species and supplement;
SE = 5.7 for physiological stage across species and supplement.
'· b

compare means within columns (P ::::._.10)

y, z

compare means within rows (P ::::._.10)
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The overall mean retention time was 48.4 h, much lower than 80.7 h reported
by Caton et al. (1988) for unsupplemented steers grazing dormant blue grama (Bouteloua
gracilis) rangeland that contained 8. 1% CP and 57.1% ADF. Retention time in cows did

not differ between supplement treatments or physiological stages. However, retention
time during gestation in ewes was longer when supplemented with barley than the other
two treatments. During lactation, retention time was significantly shorter for SSPsupplemented ewes than control and barley-supplemented ewes. By comparing
physiological stages, retention time increased by 43% for control, decreased 16% for
barley, and did not change for SBP supplemented ewes from gestation to lactation.
Similar responses were expected between digestibility and retention time
(Merchen, 1993), but did not occur. For example, digestibility in cows was significantly
lower during lactation, but retention time did not differ between physio logical stages. fn
addition, Poppi et a!. (1981 a,b) found longer retention time for cattle than sheep, a
response that was not found in the current experiment. In this study when differences
were detected between species, the longer retention time was for ewes.
According to Merchen (1993), Allison (1985), and Redman et al. (1980), DMI
and retention time are inversely related. However, this was only observed comparing preversus postpartum ewes supplemented with barley. Also an inverse relation was expected
between passage rate and DMD, but passage rate did not respond to any treatment,
contrary to results for DMD.

Rumina/ Fermentation Characteristics
Rumina/ pH.

Physiological stage interacted (P

.0002) with sampling time
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(Table 7). Across sampling time, pH showed cubic and quartic responses during
gestation and lactation, respectively.
These results disagree with Carey et al. {1993), who worked with steers
comparing different energy sources (barley, SBP, corn and a control with no additional
energy) and found a quadratic response for all of them; however, their sampling time
lasted 24 h. Rymer and Armstrong (1989) reported a tendency for mean pH to be lower
and for rumen pH to remain longer below 6.0 when SBP was replaced by barley.
However, they used only I 0% forage in the total diet. The results of the present data
agree with Sanson and Clanton (1989), who found that rumina! pH was not affected by
corn supplementation varying from 0 to 0.75 % ofBW and was between 6.0 and 6.9 most
of the time. The similarity in results can be explained by similar forage quality and lower
amount of supplement included in the total diet compared with Rymer and Armstrong
(1989). In addition, Martin and Hibberd (1990) suggested that rumina! pH may be
reduced by higher levels of supplementation. Rumina! pH is not always reduced by grain

Table 7. Least-squares mean pH values for cows, over sampling
times within each physiological stage
Time (h after feeding) 1
Physiological - - - - - - -- - - - stage
2
4
8
0
6

Contrasts 2
L

Q

c

Qr

Gestation

7.04

6.69

6.52

6.60

6.39

< .001

.012

.006

.158

Lactation

6.92

6.69

6.89

6.44

6.44

< .001

.342

.918

< .001

1

Standard error= .071 for time within physiological stage; SE = .119 for time between
physiological stages.
2

Probability of greater F for linear (L), quadratic (Q), cubic (C), and quartic (Qr)
polynomial contrasts.
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supplementation (Caton and Dhuyvetter, 1997). According to their review, a pH below
6.3 can reduce both intake and digestion of fiber. Because pH values were always above
6.3 in the current experiment, and no differences were found among supplement
treatments, it is possible to conclude that pH was not a factor affecting DMI or DMD.

Volatile Fatty Acids. Acetic (mean 62.25 moll! 00 mol), propionic (mean 18 .06
mol/100 mol), isobutyric (mean 13 .03 moll! 00 mol), isovaleric (mean .17 mo l/ I 00 mol),
valerie (mean 1.46 moli!OO mol), n-butyric (mean 18.06 mol/100 mol), n-valeric (mean
1.64 mo ll ! 00 mol) acid proportions, and the acetic:propionic acid (mean 3.60) were not
affected (P > .10) by supplement, physio logical stage, time, or any interaction among
these factors. Supplement and sampling time interacted (P = .07, and .05, respectively)
for butyric acid proportion, and total VF A concentration (Table 8).
Butyric proportion and total VF A concentration did not change with time for the
contro l group. Total VFA concentration displayed linear and cubic responses for barley
and SBP, respectively. Barley group responded quadratically and SBP displayed quartic
response for butyric acid.
The overall mean for total VFA concentration was 42.96 mM, lower than reported
by Carey et al. (1993) working with beef steers and same supplements, but fed with diets
higher in CP and lower in ADF than in the current experiment. Despite the lower total
VFA concentration, the molar proportions observed for acetic acid (62.2%) and propionic
acid (18.1%) agree with values cited by Fahey and Berger (1993) and reported by Rymer
and Armstrong (1989) . The molar proportion of butyric acid, with an overall mean of
5.0%, was much lower than reported by the same authors but was close to the 5.7 to 7.6%
range found by Chase and Hibberd (1987) for beef cows receiving low-quality forage and
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Table 8. Least squares means for rumina! butyric acid proportion (moVI 00 mol), and
total VF A concentration (mM) according to supplement and sampling time
Contrasts 1

Time (h after feeding)
Supplement

0

2

4

6

8

L

Q

c

Qr

Butyric acid 2
Control

3.22

3.38

3.57

3.44

4.26

.3049

.6807

.6543

.7720

Barley

0.34

4.23

3.53

3.12

2.52

.0206

.0085

.6967

.7323

SBP

4.54

9. 28

6.34

6. 47

7.10

.2638

.0432

.0005

.0208

Total VFA 3
Control

41.0

39.8

34.5

38.9

34. 1

.3959

.9074

.7586

.475 7

Barley

33.4

40.9

51.3

47.3

58.6

.0026

.7322

.4685

.3105

SBP

49.6

50.9

71.1

71.3

59.5

.0257

.0295

.0790

.3072

1

Probability of greater F for linear (L), quadratic (Q), cubic (C), and quartic (Qr)
polynomial contrasts.
2
Standard error (SE) for butyric acid= .81 4 for time in the same supplement;
SE = .839 for time across supplements .
3
SE for total VFA = 6.78 for times in the same supplement; SE = 6.97 for time across
supplements.

supplemented with corn.

Methane
Methane production was analyzed as daily g per kg of BW, g per kg of FDMI, g
per kg of TDMI, and g per Meal of gross energy intake (GEl). Species interacted (P =
.06) with physiological stage for g CH 4 d"1 kg· 1 BW (Table 9). Both species increased
CH4 production from gestation to lactation, but ewes showed a greater increase in terms
of absolute values. In addition, ewes produced more CH4 than cows during both gestation
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and lactation. Mean g ofCH4 produced were 34.3 ± 1.62, 24.63 ±.96, and 5.97 ±.23 per
kg ofFDMI, TDMI, and per Meal ofGEI, respectively.
Annual CH. production was estimated using the means of gestation and lactation
methane output (g d"1 kg BW) and average BW for cows and ewes. The calculated values
were 76.26 and 17.95 kg yr· 1 for cows and ewes, respectively. Cow values were similar to
the 65 kg yr· 1 reported by McAllister et al. (1996) for cattle, but ewe values were more
than twice the 8.0 kg yr· 1 noted by McAllister et al. (1996) for sheep and goats. Ewes in
the present experiment produced over three times more CH. compared with the 4.85 kg
1

yr" !Tom Lockyer (1997). Apparently, the influence of low-quality forage on CH 4

production is larger in sheep than cattle. Increased DMI during lactation probably caused
differences between physiological stages. Surprisingly, this was not reflected in VF A
results, because no responses to physiological stage were observed for any VF A
variables.

Table 9. Methane production (g d" 1 kg BW) least squares means
for species by physiological stage interaction
Physiological stage 1
Species
Cows

Gestation

Lactation

0.328' Y

0.443"

Ewes
1

Standard error (SE) = .062 for period in the same species;
SE = .203 for periods across species.
'· b

compare means within co lumns (?:::_.10)

y, '

compare means within rows (P:::_.10)

0.981b z
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Energy Losses

Fecal, urinary, and CH4 energy losses were analyzed as percentages of GEl. lost
in feces responded only to physiological stage (P
supplements, 47.8 and 60.1

± 1.4% of the GEl was

=

.0008). Across species and

lost as fecal energy during gestation

and lactation, respectively. Urinary energy losses only displayed an interaction (P
.0018) between species and periods (Table 10). Energy losses in CH4
interaction (P

=

=

displayed an

.053 7) between species, supplements, and physiological stages (Table

II).
Energy lost as feces was high compared with 45.3% reported by Ferrell (1993) for
a nonspecific, moderate-quality diet. However, the observed values (54% average for preand postpartum) were in the range cited by Kurihara et al. (1999), who worked with Bos
indicus cattle and tropical forages and reported 55.8% of energy losses as feces . The ADF

content of their forage was 45.8%, which was lower than the 53.3% for the straw used in
the current experiment.
Increased energy losses as feces during lactation may be because of higher DMl
and lower DMD. Across species and supplements, TDMI was 1.34 and 2.07% BW and
Table I 0. Energy lost as urine (%GEl) by species and physiological stage
Physiological stage 1
Species

Gestation

Lactation

1.39

1.00

Cows

.02'

Ewes
1

Standard error (SE) = .50 for physiological stage in the same species;
SE = .82 for physiological stages across species.
y, '

compare means within rows

(P~. l 0)
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Table II . Species, supp lement, and physiological stage interaction least squares
means for energy lost as methane (%GEl)
Physiological stage '
Species

Supplement

Cows

Ewes

Gestation

Lactation

Control

3.9'

4.7'

Barley

5.2'b

5.4'

SBP

11.4b

10.8'b

Control

1!.5b y

19.2cz

Barley

6.3'b

7.0'

24.7' Y

16.0bcz

SBP

'Standard error (SE) = 2.50 for physiological stage in the same species and
supplement; SE = 3.68 for physiological stage across species and supplement.
'· b compare means within columns (P~. l 0)
y,'

compare means within rows (P:::_.lO)

DMD was 50.8 and 40.7% for gestation and lactation, respectively. According to Ferrell
(1993), energy lost in

f~ces

increases as feed intake increases because di gestibi lity

decreases, which agrees with the results of the current experiment.
Urinary energy losses averaged 1.66% of GEl, which is less than the 4% noted by
Van Soest (1994) and the 3.35% reported by Kurihara et al. (1999). The values for
lactating ewes were particularly low, and within them, ewes receiving the control
supplement showed the smallest losses. Ferrell (1993) stated that increased fecal losses
tend to be compensated by decreased losses in urine and CH4 ; he also observed that
depressed intakes could lower energy losses in urine. During the current experiment, with
the exception of lactating cows, DMI was lower than expected. This was especially true
for lactating ewes receiving the control supplement.
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The hi ghest and most variab le values in CH4 losses were !Tom ewes. The
proportional loss of CH4 was greater and more variable at lower levels of DMI according
to Johnson and Johnson ( 1995) and Tamminga (1992). This may explain in part these
results, because ewes were eating much less than expected during both gestation and
lactation. Across physiological stage, CH4 loss was greater in ewes receiving SBP than
barley, and loss under SBP was also greater than the control during gestation. The hi gh
CH• losses observed in ewes receiving SBP are related to the higher acet ic acid
concentration measured for this supplement treatment over time. Johnson and Johnson
( 1995) also stated that CH4 losses are generally more variable at higher digestibility
values; however, this relation does not appear in this experiment.
Cows presented a di fferent pattern of energy loss in CH4 . During late gestation,
CH 4 losses were higher for the SBP supplement treatment than for the control group, and
barley was intermediate and not different !Tom the other treatments. During lactation,
energetic loss as CH4 was not different among the three supplement treatments.
The overall mean GEl lost as CH4 was 7.9%. This value is within the ranges of 5
to 10% reported by Tamminga (1992) and of 2 to 12% cited by Johnson and Johnson
(I 995).

Gross, Digestible, and Metabolizable
Energy Content of Diets
Gross energy, DE, and ME were analyzed as Meal per kg of diet. Gross energy
content of the total diet interacted between species, supp lement, and physiological stage
(P = .074) with values varying from 4.07 to 4.19, and a mean of 4.13 :!: 0.001 Meal/kg
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OM. In spite of the statistical differences, the variation is very small in absolute values
and is not of biological importance.
Both DE and ME of diet showed on ly a physiological stage effect (P = .0006 and
.0005, respectively, Table 12), with lower values for lactation than gestation.
Because DE and ME are highly correlated (NRC, 1996), a simi lar response was
expected. The ratio of ME to DE was .765 and .726 for pre- and postpartum, respectively.
These values were lower than the .80 to .82 predicted by NRC (1996) and Ferrell (1993),
but NRC ( 1996) noted that the ratio can vary considerably depending on intake, age of
the animal, and feed source. The physiological stage effect on DE and ME may be
explained by the higher OM! during the postpartum period ( 1.34 in gestation vs. 2.07 %
BW in lactation). According to NRC (1996), lactation can increase feed intake by 30 to
50% in beef cows. They also noted that gestation can decrease DMI, especially during the
last month. Digestibility and resultant DE and ME are often depressed at hi gher levels of
DMI (Merchen, 1993) because of an increase in energy lost as feces (Ferrell, 1993).
During the current experiment, a depression from pre- to postpartum of 24 and 28% was

Tab le 12. Digestib le and metabolizable energies (Meal kg' 1 OM)
of diets, according to physiological stage
Physiological stage 1
Energy

Gestation

Lactation

Digestible

1.64'

Metabolizable

1.19'

1

Standard error= .261 for DE; SE = .232 for ME.

y, '

compare means within rows (P:::_ . I 0)
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observed for D£ and ME of the diets, respectively. A hi gher fecal loss during lactati on
cou ld explain the depression in DE, and a higher CH4 loss for the same period explains
why ME was more depressed than DE. There was not a DE and ME response to
supplements and (or) species, likely because of the lack of responses of other variab les,
including digestive tract kinetics and VF A concentration.
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CONCLUSIONS

The animal species main effect did not affect rumina! digestive and metabolic
responses, or CRt output. Thus, the hypothesis that ruminant species by itself does not
affect these parameters was accepted.
Responses were not detected because of the supplemental carbohydrate source
main effect, rejecting the hypothesis that energy supplementation by itself based on
structural carbohydrates improves the use of nutrients from low-quality forages and nonstructural carbohydrates depresses it.
Physiological stage only affected fill of undigested residue in the gastrointestinal
tract and energy lost in feces . Both variables were higher during lactation than gestation.
The hypothesis that DMI is higher, rate of passage faster, digestibility lower, and
proportional CH 4 lower during lactation was rejected.
Several 2- and 3-way interactions were detected between species, supplement
treatments, and physiological stages, so the hypothesis that there are not interactions
among these main effects was rejected. Species, supplement, and physio logical stage
interacted for FDMI and TDMI, retention time, and energy losses in CH 4 • Digestibility
displayed an interaction between species and physiological stage. Rumina! pH showed an
interaction between physiological stage and sampling time. Supplement and sampling
time interacted for butyric acid proportion and total VF A concentration. Species
interacted with physiological stage for methane production and urinary energy losses.
For ewes fed a basal diet of low-quality forage, the use of energetic supplements
(structural or nonstructural carbohydrates) depressed forage intake in late gestation, but
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stimulated intake during lactation.
No advantages were detected because of the use of barley or SBP for both
species. Therefore, based on the conditions of the current trial, the choice of the
supplement should be an economic decision. It should be noted that a higher
concentration of total VFA was observed with the use ofSBP in cows. This means more
energy available for the animal; however, this higher concentration did not result from
higher DMI or DMD, but was expressed in a higher energy lost as

C~.

Results suggest that intake and CH., production were more sensitive in ewes than
cows when low-quality forage is fed. However, DMI was strongly depressed for both
species in late gestation with the diets used in this experiment. The use of low-quality
forages like those fed in the current experiment should be avoided for pregnant and
lactating ewes. Because of the possibility of pregnancy toxemia, sheep producers are
recommended to use better quality forage . From an environmental view, a production
system based on cattle rather than sheep should be recommended when the diet is based
on low-quality forage, because of the higher CH4 output from ewes. Based on the same
environmental reason, barley should be preferred over SBP.
Energy-supplemented diets used in this experiment appear to be adequate for
cows during both gestation and lactation with some restrictions. Some body condition
loss should be expected during late gestation because of the lower than expected TOM!.
Thus, the use of these diets during late gestation should be restricted to cows in moderate
to good body condition in order to avoid problems at calving and to ensure subsequent
reproductive success. The diets supplemented with barley or SBP appeared to be
adequate to maintain body condition during lactation in cows.
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Table 13 . Analysis of variance for forage DMl
Source

df

Species

Mean square

F value

Pr > F

.01123572

.15

.7085

Supplement

2

.01367382

.19

.8339

Species*supplement

2

.00025527

.00

.9965

3.58991639

32.58

<. 0001

.10308954

.94

.3511

Period
Species*period
Supplement*period

2

.36016176

3.27

.0708

Species*supplement*period

2

.45232772

4. 11

.0415

Error

13

.11018775

Table 14. Analysis of variance for total DMI
Source

df

Species

Mean square

F value

Pr > F

.00443145

.05

.8232

Supplement

2

.07664238

.94

.4406

Species*supplement

2

.00194926

.02

.9764

4.01099433

36.75

< .0001

.15423707

1.41

.2558

Period
Species*period
Supplement*period

2

.38194402

3.50

.0608

Species*supplement*period

2

.46609381

4.27

.0375

Error

13

.10913262
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Table 15. Analysis of variance for digestibility
Source

df

Species

Mean square

F value

Pr > F

2.17142206

.02

.8808

Supplement

2

18.31550492

.21

.81 89

Species*supplement

2

20.76527087

.23

.7981

Period

768.48626720

11.75

.0045

Species*period

264.82362790

4.05

.0654

Supplement*period

2

21 .36626660

.33

.7270

Species*supplement*period

2

54.52027140

.83

.4564

Error

13

65.38875600

Mean square

F value

Pr > F

.00000665

.13

.7328

Table 16. Analysis of variance for passage rate
Source

df

Species
Supplement

2

.00003688

.71

.5287

Species*supplement

2

.00002619

.50

.6274

Period

.00000080

.02

.8919

Species*period

.00001334

.32

.5817

Supplement*period

2

.00001866

.45

.6493

Species*supplement*period

2

.00005368

1.28

.3097

Error

13

.00004179
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Table 17. Anal ysis of variance for retention time
Source

df

Species

Mean square

F value

Pr > F

9.47558950

. 14

.7249

Supplement

2

7.79709789

.II

.8959

Species*supplement

2

18.25683043

.26

.7778

.39091750

.01

.9078

36.54525540

1.31

.2739

Period
Species*period
Supplement*period

2

144.80676510

5.17

.0223

Species*supplement*period

2

216.11945540

7.72

.0062

Error

13

28.00249900

Table 18. Analysis of variance for fill of undigested residue in the gastrointestinal tract
Source

df

Specjes

Mean square

F value

Pr > F

.00052991

.03

.8661

Supplement

2

.0 1079599

.63

.5639

Species*supplement

2

.00366726

.21

.8129

2.38430540

42.46

<. 0001

.00036102

.0 1

.9373

Period
Species*period
Supplement*period

2

.05000703

.89

.4340

Species*supplement*period

2

.08425781

1.50

.2592

Error

13

.05614979
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Table 19. Analysis of variance for pH
Source

df

Mean square

F value

Pr > F

Supplement

2

.29534066

1.18

.4199

.64862065

2.50

.2 119

Period
Period*supplement

2

.26343288

1.02

.4604

Time

4

.55558333

36.23

<. 000 1

Supplement* time

8

.04320833

2.82

.0235

Period*time

4

.13 108333

8.55

.0002

Period*supplement*time

8

.01445833

.94

.5009

Error

24

.0 1533333

Table 20. Analysis of vari ance for acetic acid proportion
F value

Pr > F

Source

df

Mean square

Supplement

2

7.78 198864

.33

.7426

6.54205266

.32

.609 1

Period
Period*supplement

2

20.8080 1326

1.03

.4565

Time

4

46.5 7452330

1.35

.28 19

Supplement*time

8

39.73004210

1.15

.3687

Period*time

4

I 8.50395670

.53

.7 114

Period*supplement*time

8

61 .27810290

1.77

.1330

Error

24

34.59552000
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Table 21. Analysis o f vari ance for propionic acid proporti on
Source

df

Mean square

Supplement

2

5.65213856

.42

.6911

.52693230

.03

.8815

Period

F value

Pr > F

Pcriod*supp1ement

2

10.36275292

.52

.6414

Time

4

10.11541080

1.17

.3483

Supp1ement*time

8

10.82045960

1.25

.3128

Period *time

4

6.75497750

.78

.5479

Period*supplement*time

8

13 .02399380

1.51

.2065

Error

24

8.6362592

Table 22 . Analysis of variance for isobutyric acid proportion
Source

df

Mean square

F value

Pr > F

Supplement

2

27.14733988

1.38

.3751

17.98117855

2.56

.2078

Period
Period*supp1ement

2

9.18822979

1.31

.3902

Time

4

13.7 1719580

.80

.5350

Supp1ement*time

8

17.35051580

1.02

.4504

Period*time

4

17.99612750

1.05

.4005

Period*supp1ement*time

8

18.65026750

1.09

.4018

Error

24

17.07239500
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Table 23. Analysis of variance for butyric acid proportion
Source

df

Mean square

F value

Pr > F

Supplement

2

4.62729315

1.1 7

.4204

1.65496790

.53

.5207

Period
Period* supplement

2

4.03214019

1.28

.3959

Time

4

9.64493583

5.83

.0020

Supplement*time

8

4.35 751833

2.63

.0317

Period*time

4

1.98343917

1.20

.3372

Period*supplement*time

8

1.24538667

.75

.6463

24

1.65525920

Error

Table 24. Analysis of variance for isovaleric acid proportion
Source

df

Mean square

Supplement

2

.00497472

.11

.90 18

.03254673

2.46

.2 148

Period

F value

Pr > F

Period *supp Iemen!

2

.0 1695689

1.28

.396 1

Time

4

.0 1533750

1.22

.3299

Supplement*time

8

.01126625

.89

.5369

Period *time

4

.0 1950250

1.55

.2207

Period*supplement*time

8

.0 1800125

1.43

.2358

Error

24

.0 126091 7
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Table 25. Analysis of variance for valerie acid proportion
Source

df

Mean square

F value

Pr > F

Supplement

2

.23167353

1.40

.3724

.02339560

.2 2

.6714

Period
Period*supplement

2

.11881998

1.11

.4346

Time

4

.18076917

1.25

.3 178

Supplement*time

8

.16449542

1.13

.3764

Period *time

4

.04032250

.28

.889 1

Period*supplement*time

8

.2 1817625

1.51

.2074

24

.14493250

Error

Table 26. Analysis of variance for n-butyric acid proportion
Source

df

Mean square

F value

Pr > F

Supplement

2

9.87387562

1.45

.3628

8.7259 1763

3.55

.1560

Period
Period*supplement

2

1.45193797

.59

.6076

Time

4

15.12500250

.70

.6000

Supplement*time

8

25.49585880

1.18

.351 7

Period *time

4

27.78326080

1.28

.3038

Period*supplement*time

8

23.42495460

1.08

.4076

Error

24

21.62940700
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Table 27. Analys is of variance for n-valeric acid proportion
Source

df

Mean square

Supplement

2

. 19658550

.97

.4733

.I 1113110

.90

.4137

Period

F value

Pr > F

Period*supp1ement

2

.18005184

1.45

.3623

Time

4

.1 0538583

.86

.5005

Supplement*time

8

.19306208

1.58

.1832

Period *time

4

.04578083

.37

.8244

Period*supplement*time

8

.191 82208

1.57

.1863

24

.12218583

Error

Table 28. Analysis of variance for total VF A concentration
Source

df

Supplement

2

Period

Mean square

F value

Pr > F

369.0042027

1.3 7

.3775

71.5 836088

1.33

.33 17

Period*supplement

2

72.3398997

1.35

.3822

Time

4

325.0466890

2.83

.0469

Supplement* time

8

265.5828580

2.31

.0536

Period*time

4

11 8. 1262390

1.03

.41 27

Period*supplement*time

8

155.6858200

1.36

.2651

Error

24

I 14.82672 10
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Table 29. Anal ys is of variance for acetic: propionic
Source

df

Mean square

F value

Pr > F

Supplement

2

.26039486

.34

.7353

.08060427

.08

.7989

Period
Period*supplement

2

.95033971

.91

.4903

Time

4

.96504583

1.33

.2868

Supplement* time

8

.86274833

l.l9

.3451

Period *time

4

.14277083

.20

.9375

Period*supplement*time

8

1.02998833

1.42

.2381

Error

24

.72452833

Mean square

F value

Pr > F

.00512427

.04

.842 1

Table 30. Analysis of variance for g CH4 kg" 1 BW
Source

df

Species
Supplement

2

.02165667

.18

.8373

Species*supplement

2

.06399394

.54

.6084

Period

.17990695

30.97

.0002

Species*period

.02534429

4.36

.0608

Suppiement*period

2

.00608031

1.05

.3836

Species*suppiement*period

2

.00956752

1.65

.2368

Error

II

.00580959
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Table 31. Analysis of variance for g CH 4 ki 1 forage DMl
Source

df

Species

Mean square

F value

Pr > F

102.906175

.10

.7673

Supplement

2

224.169754

.21

.8172

Species*supplement

2

533.813467

.50

.6312

24.741639

.32

.5807

8.4 19485

.II

.7461

Period
Species*period
Supplement*period

2

167.206058

2.19

.1583

Species*supplement*period

2

45 .242045

.59

.5697

Error

11

76.363430

Table 32. Analysis of variance for g CH 4 kg· 1 total DMI
Source

df

Species

F value

Pr > F

15 .7080412

.04

.8546

Mean square

Supp lement

2

51.6151602

.12

.8887

Species*supplement

2

245 .6167488

.57

.5922

Period

29.0945940

1.08

.3212

Species*period

27.0175170

1.00

.3383

Supplement*period

2

25.6327560

.95

.4161

Species*supplement*period

2

8.3508520

.31

.7399

Error

11

26.9646180
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Table 33 . Anal ys is of variance for g CH 4 Meal GEr 1
Source

df

Species

Mean square

F value

Pr > F

.97808975

.04

.8509

Supplement

2

3.14407683

.12

.8857

Species*supplement

2

14.56498725

.57

.5917

Period

2.06995550

!.31

.2771

Species*period

!.60169820

l.Ol

.3361

Supplement*period

2

!.57739960

l.OO

.4002

Species*supplement*period

2

.521 79570

.33

.7261

Error

11

!.58299880

Mean square

F value

Pr > F

2.12446290

.02

.8803

Table 34. Analysis of variance for GEl lost as feces
Source

df

Species
Supplement

2

14.59110638

.17

.8479

Species*supplement

2

2!. 72496902

.25

.7846

1130.71580700

18.76

.0008

77.08975700

!.28

.2785

Period
Species*period
Supplement*period

2

14.08749400

.23

.7948

Species*supplement*period

2

64.15572900

!.06

.3731

Error

13

60.26597700
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Table 35. Analysis of variance fo r GEl lost as urine
Source

df

Species

Mean square

F value

Pr > F

.50010337

.31

.5995

Supplement

2

.07930167

.05

.9528

Species• supplement

2

.54702942

.34

.7273

11.797755 10

31.44

< .0001

5.70603 181

15.2 1

.0018

Period
Species*period
Supplement*period

2

.012638 15

.03

.9670

Species*supplement*period

2

.02074411

.06

.9464

Error

13

.375 19507

F value

Pr > F

Table 36. Analysis of variance for GEl lost as CH.
Source

df

Species

Mean square
2.90941660

.09

.7704

Supplement

2

8.22252482

.26

.7767

Species*supplement

2

19.65803734

.63

.5644

Period

.000000 10

.00

.9999

Species*period

.06169850

.O l

.9366

Supplement*period

2

48.89896650

5.21

.02 18

Species*supplement*period

2

34.65530080

3.69

.0537

Error

13

9.38634670
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Table 37. Analysis of variance forGE kg·' OM!
Source

df

Species

Mean square

F value

Pr > F

.00000021

.01

.9377

Supplement

2

.00016 190

5.2 1

.0488

Species* supplement

2

.00000443

.14

.870 1

Period

.0 1296007

350.90

<.000 1

Species*period

.000 10965

2.97

.1086

Supplement*period

2

.00051220

13 .87

.0006

Species*supplement*period

2

.00011844

3.21

.0738

Error

13

.00003693

Table 38. Analysis of variance for DE kg·' OM!
Source

df

Species

Mean square

F value

Pr > F

.00401753

.03

.8748

Supplement

2

.0262 1600

.18

.8425

Species*supplement

2

.03730049

.25

.7859

2.077479 19

20.31

.0006

.13600248

1.33

.2697

Period
Species*period
Supplement*period

2

.0 1965573

.19

.8275

Species*supplement*period

2

.10847062

1.06

.3745

Error

13

.10231 263
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1

Table 39. Analysis of variance for ME kg" DMI
Source

df

Species

Mean square

F value

Pr > F

.00056211

.00

.9596

Supplement

2

.06950525

.35

.7214

Species*supplement

2

.07872537

.39

.6926

1.67232143

20.79

.0005

.22515038

2.80

.1182

Period
Species*period
Supplement*period

2

.02079883

.26

.7761

Species*supplement*period

2

.02866483

.36

.7069

Error

13

.08045578

